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3. Progress and Accomplishments 

Since the most completely version is in the publication listed in the 2"'' item in (1), most of the 
contents will be repeated here. 

The Inverse Nottingham Effect (INE) cooling involves emission of electrons above the Fermi level into 
the vacuum. Our scheme involves the use of a Double Barrier Resonant Tunneling (DBRT) section 
positioned between the surface and the vacuum for a much increased emission, and to provide energy 
selectivity for assuring cooling, without surface structuring such as tips and ridges leading to current 
crowding and additional heating. Unlike resonant tunneling from contact-to-contact, where barrier 
heights and thickness are controlled by the choice of heterojunctions, the work function at the surface 
dictates the barrier height for tunneling into the vacuum. The calculated field emission via resonant 
tunneling gives at least two orders of magnitude greater than without resonance, however, without work 
function lowering, the large gain happens at fairly high field. The use of resonance to enhance cooling 
by ENE results in an important byproduct, an efficient cold-cathode field emitter for vacuum electronics. 

Introduction 

The original Nottingham effect dealt with the additional thermal effects beyond the non-ohmic 
behavior field emission from metal tips.' The Inverse Nottingham Effect (INE) cooling involves 
emission of electrons above the Fermi level into the vacuum. "^ Our scheme involves the use of a 
Double Barrier Resonant Tunneling (DBRT) section positioned between the surface and the 
vacuum for a much increased emission, and to provide energy selectivity for assuring cooling, 
without surface structuring such as tips and ridges leading to current crowding and additional 
heating. Two approaches appeared: (1) The G-T, Greene-Tsu, scheme consists of inserting a 
double barrier resonant tunneling section,^"' between the surface of the semiconductor to be 
cooled and the vacuum. (2) The K-L, Korotkov-Likharev, scheme consists of a step inserted 
between the semiconductor and the vacuum. Under the application of a high electric field, the 
step forms a triangular quantum well for resonance tunneling." The G-T scheme offers better 
flexibility in design possibility for optimizing cooling while keeping the electric field at the 
surface to a 'safe limit'. The K-L scheme is simple, however, because the step is a barrier 
material, usually formed by alloying resulting in lower mobility and hence lower efficiency. 
There is a basic principle of symmetry when resonant tunneling is involved. The maximum 
transmission at resonance requires a symmetrical structure. It is easy to understand the need for a 
symmetrical structure. Imagine that a resonant cavity for photons, the Fabry-Perot interferometer 
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having one surface reflectivity much larger than the other, then it is not possible to build up the 
field fi-om coherent interference without a symmetrical structure. In DBRT, if one designs a 
symmetrical structure without a bias voltage applied, the applied voltage will destroy the 
symmetry. Therefore it is important to design the barrier structures as symmetrical as possible at 
the operating resonant condition. Thus it is necessary to design a symmetrical potential profile at 
the operating voltage.'' Unlike resonant tunneling from contact-to-contact, where barrier heights 
and thickness are controlled by the choice of heterojunctions. For tunneling into the vacuum, the 
work function at the surface dictates the barrier height. And this is the difficulty in optimizing 
tunneling into the vacuum via DBRT, because typically the first barrier height is ~ few tenth of 
eV above the quantum well, but the 2"'' barrier, is determined by the work fiinction, usually 
several eVs above the quantum well. One may assume that a very thick 1^* barrier can match the 
high work fiinction of the 2"'' barrier. In principle it is possible, however, the quantum state with 
thick barriers, instead of a resonant state, is practically an eigenstate, having almost no energy 
width to support a large tunneling current. Therefore, we have concluded that the best way is to 
search for a 2"'' barrier with very low work-function.'' For this reason, under the HERETIC 
DARPA/ARO program, we have been pushing the structure with Ill-nitrides. In view of the 
conflicting claims of negative electron affinity for AlGaN with [Al] / [Ga] over 60%, and also it 
is doubtful that such material may have good mobility, we calculated cases where we do not 
need the low work function. Basically, we know that resonant tunneling can enhance field 
emission. We want to see how much gain over the usual Fowler-Nordheim tunneling. It is indeed 
encouraging that the calculated field emission via resonant tunneling is several orders of 
magnitude above the F-N tunneling at a surface field of several lO' V/cm. And if we consider a 
surface field of up to ~ 2x10^ V/cm, it is 2-4 orders of magnitude higher. For cooling, it is 
important to extract the emission current with the Pierce-electrode,^" which is difficult to 
implement, so that some of the power at the anode can be recovered as in ti-aveling-wave tube 
designs.* Removing the heat at the anode is identical to removing the heat from the heat 
exchanger in any air conditioner. Even if all these practical problems carmot be overcome, there 
is a huge byproduct. Field emission with resonance resuhs in an efficient cold-cathode field 
emitter for vacuum electronics, which is particularly important in high power TWT! 

Background 

Originally G-T scheme targeted the use of a p-type semiconductor to produce surface inversion 
as in the MOSFET to pull electrons above the Fermi level into the vacuum, [2] while the K-L 
scheme targeted the use of n-type."* We exclude the usual approach of surface structuring such as 
tips and ridges [9], because tips result in current crowding which leads to heating and the 
problem of robustness. This is the main reason why we decided on the use of DBRT to enhance 
field emission into the vacuum. For the convenience of the reader, the original G-T scheme for p- 
doped semiconductors method in Fig.l of Ref 2 is shown below as Fig. 1. It was shown that the 
average energy per electron above the Fermi level at the surface representing cooling is 

<E-EF> = A-'[1.5kBT + (Eco-EF )]    , (1) 

4 
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in which A"' term represents a reduction factor due to the presence of tunneling upsetting the 
balance between generation and recombination at thermal equilibrium.'^ Also for the convenience 
of the reader, the K-L scheme taken from Ref 4 is reproduced in Fig. 2. 

Vacuum    | RTDB| p-semiconductor 

A 

Resonant 
/ tunneling 

Tunneling 
suppressed 

Fig.l G-T (Greene-Tsu) scheme: Band profile of p-doped inversion layer under high 
electric field with tunneling into the vacuum via a DBRT structure. Also shown is 
trapping level at the interface, Nt, to be incorporated for increased replenishment of 
electrons pulled out into the vacuum. 

U~1 eV 

£F ■1 

d~4 nm 

K ^ 

W 

...M/. 

(t)~4eV 

composite emitter 

c/zns = 3 nm 
mzns = 0.42 mo 
ty=1.0eV 

Xzns = 2.7 eV 
m Si = 0.2 mo 

(a) 

e-ZkaT 

emitter vacuum 

(b) 

Fig.2 Band profile of the proposed emitter (a) no field, (b) with field. Horizontal lines 
in (b) show quantized sub-bands. Arrows show RT via the sub-bands. The 
lowest sub-band is placed at few keT above the Fermi level so that cooling 
occurs with removal of hot electrons of the emitter. Taken from Ref 4. 
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Figure 2 of Ref. 7 that was missing.^ It is reproduced as Fig. 3, showing without NEA 
(negative electron affinity), the 2"** barrier, the one next to the vacuum is so much thicker except 
under extremely high field, so that turmeling current is quite small as in (c). 

A 
A 

\ GaN    / 

(a) (b) (c) 

Fig 3:   Three cases: (a) no applied voltage with NEA (negative electron affinity), (b) with 
applied voltage and NEA, and (c) same as (b) but without NEA, resulting in a 
large barrier marked  as  B;  depending  on the value  of the  applied voltage, the 
tunneling current into the vacuum is generally substantially reduced. 

Whenever one barrier is much thicker than the other, the transmission coefficient is much 
reduced. As mentioned that the restoration of symmetry is key to the success of high gain at 
resonance in a DBRT structure, the transmission T and the maximum T, TM presented in Ref 7 
are repeated here especially, due to printer's error, the figures were missing in Ref 7. The 
reflectivity and phase shift of a single barrier are. 

R = (k'+a^)' / [(kVa') ^ -f 4 k^ a'F^], 

(|) = tan"' [2kaF / (a^- k^) ], 

(2) 

(3) 

in which a' = ao' - k^ and F = (l+e"'"") / (l-e"'""), and k' = 2m*E / h', ao' = 2m*Vo/ ti', 
where Vo and b being the barrier height and width respectively. The transmission, T for well- 
width w is 

T = TiT2/[(l-Ri)(l-R2)/(l+RiR2-2(RiR2)" cosO], 

in which O = (|)i + ^2 + 2kw. At resonance O = 2n7r, so that the maximum T is 

l/2^ 
TM = TIT2/[(1-RI)(1-R2)/(1+(RIR2)'")]. 

(4) 

(5) 

The calculated TM is shown in Fig. 4 for various Ri and R2. Note that near unity TM only occurs 
for Ri~R2. This is because unity TM is obtained when the two reflectivities are equal for 
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maximum interference. As long as the structure is symmetrical, the transmission at resonance is 
always unity. Whenever one of the Ri and R2 is high, the other R must also be high to give a 
large TM- For relatively low value of the reflectivity R, Q (Q is the quality factor of a resonating 
system defined by number of cycles a photon is confined before it decays to 1/ e of the initial 
value.) is low, and it does not take many traversals to produce a relatively high transmission. 
This is why we need thin barriers to produce high throughput. Since thin barrier needs low work 
function or NEA, Ill-nitrides seems to be the best choice at this point. 

Figures 4 is really very important for optimizing the design of RTDs, but for RTFE, 
resonant tunneling field emission, the vacuum level is fixed by the work function, so that there is 
not much one can do about it. Optimization amounts to picking the right materials for the 
construction of the DBRT structure. 

Fig. 4: TM VS. the ratio R2 / Ri for various Ri. Ri and R2 are the reflectivity at the first- 
and second-barrier. Note that for Ri > 0.95, TM is only significant for R2/R1 > 0.9. 

Direct computations for the tunneling current into the vacuum at resonance have been performed 
in this work. We found that the estimate for the thermal current for cooling of ~ 300 - 2000 
W/cm^ in Ref 2, is too optimistic because in the previous estimate, the difference in the effective 
mass in the semiconductor and the free electron mass in the vacuum was not accounted for. 

Computation of the RTFE 

We have undertaken the direct computation of RTFE, resonant tunneling field emission, 
for n-type semiconductors with the barrier structures. Although we have stated several times that 
III- nitrides appear to be the most promising materials, we selected silicon for the calculation 
because as we shall see that we are far from obtaining practical design optimization partly 
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because resonant tunneling into the vacuum is far more complex than resonant turmeling from 
contact-to-contact.^'^ We want to establish some rules governing high emission at a given electric 
field with the available material parameters. We start with the Tsu-Esaki approach^ by 
integrating the transmission T given by the matrix relating the input at the left contact to the 
output at the right contact with the appropriate distribution and density of states functions for the 
total tunneling current density, the sum of jir, from left to right; and jri, from right to left, or 

JT = 
emkgT firpin \ + e 

{E^-E,)/kgT 

l + e 
(,E^-Ei-eV,)/kBT m^ciE, (6) 

J 

Eq. {€) contains an extra term, under the square root, a correction term added in by Coon and 
Lieu. This correction term is not so important in tunneling from contact-to-contact, but 
significant for tunneling from contact-to-vacuum where Vgmay be quite large. Before we present 
cases of interest, let us define some terms usefial for the remaining of this article. For emission to 
into the vacuum useful as a cold cathode, we need the total current jr defined by an integration 
for E = 0 to 00. For cooling, because we only remove the hot electrons, the current JH is defined 
by an integration for E = EF to OO . Fig. 6 gives the comparison of the transmission coefficients 
of a structure, 5,5,7nm (the 1'' barrier width, b, of 5nm, and quantum well width w of 5nm, and a 
vacuum barrier, the 2"'' barrier of w = 7nm), and one without resonant tunneling having only the 
2"'' barrier of 7nm, the F-N tunneling. For better visualization, portion of Fig. 6 is plotted in 
linear scale shown in Fig. 7. 

« 
1- 

10" 
10'-i 

10" 
io-'--i 
10' 

10'' 
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10' 

10" 

10-H 

10" ■; 
10' 

10- 

5-5-7 nm Va=0 V 
5-5-7 nm Va=6 V 
7 nm Va=0 V 
7 nm Va=6 V 

4 

E(eV) 

Fig. 6 Transmission vs. energy in eV with and without applied voltage Va = 6 V 
corresponding to an electric field in the vacuum of 7.5x10^ V/cm. 1*' Barrier 
height = 0.5eV and 2   Barrier height (vacuum side) = 4 eV 
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0.0 

5-5-7 nm Va=0 V 
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7 nm Va=0 V 
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Fig.7 Transmission vs. energy with linear plot in the range of interest where T*T is large. 

It is important that we discuss these two figures because the transmission is rather 
different from the conventional tunneling from contact-to-contact. Take, for example, the 5-5-7 
case, the three peaks near E ~ 0 represent the resonance via the quantum well states. The peak 
values are so small because the structure is very asymmetrical due to the high 2" barrier of 4 eV. 
In fact we thought that the computation was incorrect because we failed to find the resonant 
tunneling peaks first. After realizing that the value of these peaks may be so small that we missed 
them, we proceeded to look for them, and we found them as shown in Fig. 6. For E > 0.5 eV, 
there are small structures due to interference just above the 0.5eV of the 1'' barrier height. There 
are no substantial resonant states until the energy is above the vacuum level, at E > 4 eV. The 
large oscillation of T*T between 0 and 1 comes from resonant states in the vacuum due to the 
vacuum barrier. This point is not too familiar to most although several years ago similar 
phenomena were treated regarding the physics of 'Quantum Step'. [11] In fact these resonant 
states in the vacuum can be calculated very simply from kn = nu / B, with B being the distance 
between the surface of the semiconductor and the anode placement in the vacuum. With an 
applied +V with respect to the cathode, T*T shifts to the left. This shift is same as resonant 
tunneling from contact-to-contact. For a symmetrical structure, the spectrum is shifted by an 
amount in energy very close to V/2. Why is the magnitude of the oscillations so huge? What is 
happening is the fact that at higher energy, the 1'' barrier and the well region play almost no role. 
The bulk of the oscillation is due to the vacuum barrier. The discontinuity of the barrier is further 
augmented by the difference of the effective mass in the semiconductor, and free electron mass 
in the vacuum. These oscillations are nearly the same for the case shown in dotted having only 
the vacuum barrier. Figure 7 shows a linear plot to give a better feeling what is happening. Note 
that as the applied voltage increases, these large oscillations of T*T move toward the origin as 
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discussed. When they pass the Fermi level of the left contact, substantial tunneling current 
appears. Again we emphasize that it only occurs at high electric field, > lO' V/cm. This type of 
oscillation of resonant tunneling via the quantized vacuum state cannot be obtained by the use of 
WKB perturbation usually used for computing tunneling. In fact Mimura et. al. showed the 
comparison of turmeling emission from metal-oxide cathode computed from the exact numerical 
results and the WKB approximation clear demonstrated the absence of oscillation with the WKB 
method.'^ 

E 
5 

10" -3 

10'"-; 

10*4 
10"^ 
10'-i 

10" 4 
10" 
lo'--^ 
10-" 
10-" 

10" 

io"-| 

10" -3 

10" -i 

lo-"-^ 
0 5.0x10' 

V, = 0.5eV, electron affinity = 4 eV 

1.0x10 

Ev (V/cm) 

1.5x10' 2.0x10' 

Fig 8 The calculated total turmeling current density vs. the applied electric field for three 
cases: dotted for the vacuum barrier of 7 nm only, dashed for 1-5-7 imi, and solid 
for 10-5-7. 

Figure 8 shows the calculated tunneling current from Eq. (6). Our results are only valid 
provided the quantum well region is shorter than the coherence length which is ~ 10 nm, because 
no scattering is accounted as in the case of including dissipation factors.'^ With a large applied 
voltage, most part of the barrier moves below the Fermi energy of the contact so that the length 
we deal with for these resonant states is the sum of the width of the quantum well and a 
significant part of the barrier width. Earlier we discussed the K-L scheme with a semiconductor 
step forming a triangular quantum well under a large applied voltage in a material most likely 
formed by alloying. Alloys are usually poorer in mobility and thus having shorter mean-free- 
path. Now we have the same problem because our quantum well under a large voltage consists in 
addition to the quantum well part, a part of the barrier. For this reason, it is far better to have as 
large a barrier as possible, which cannot be transformed into a quantum well under a large 
electric field. A wider barrier width but lower barrier height presents extra effective barrier at 
low field. However, at high field, much of this extra width has a band-edge energy moving 
below E=0 so that electrons tunneling through the vacuum barrier see a much lowered vacuum 
level. This is the mechanism for the lowering of the effective work function regardless whether 

10 
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having resonance or not. Resonance results in additional gain in the tunneling process. To make 
this extremely important point clearer, we show in Fig. 9 a schematic used for explaining the 
origin of the large tunneling current at high field - effectively lowering the electron affinity! A 
bias of +Va is applied in Fig. 9, producing a vacuum electric field of F„ which effectively 
lowers by A(j) = Fo(b + w) / 8 from (j)o. Obviously making b+w large is what lowers the 
effective ^. However if w + b > mean free path of the electrons, the electrons would be near 
E^, and no reduction of ^o is possible. Therefore, the additional gain in tunneling results from 
electrons resonantly tunnel via higher energy levels, the vacuum resonant states above 
(j)o, lowered to the position of the Fermi level in the contact. In this scheme, the 1" barrier 
merely serves to keep the high doping in the contact from going into the undoped regions 
which can be lowered by an applied electric field. In this respect, the scheme explored by 
Mumford and Cahay '" using hot electrons injected from a metal into a wide bandgap 
semiconductor, resonantly tunnel through a thin semimetal layer to effectively lower the work 
function bears similar principles."* Only that our present results show that a much simpler 
scheme for the lowering of the work function is possible: injecting electrons into the 
quantum well maintaining its energy by avoiding scattering to resonantly tunneling 
through the quantized vacuum states! 

#„ -Ev*.c-CE. ■+- EF) 

-l-Va 

FIG. (9)    A schematic potential profile for the DBRT structure under bias of +Va. Note 
that the work function (j)o is reduced by A(j) ~ in the figure. 

The computed currents, the total current density ji, and the hot current density JH, for 7 nm case, 
lower trace; and those for 10-5-7 nm, the upper trace, using Si as an example, are shown in Fig. 
10. Note that, at a field of ~ 1.5 x 10^ V/cm, the 10-5-7 case reaches ~ lO^A/cm^, which is more 
than lO'^ times greater than the case of 7 nm, without the lowering of the effective work 
function. Therefore our results not only can serve the INE cooling scheme, but also can serve 
many applications requiring cold cathodes.  ' 

11 
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V,=0.5eV, electron affinity=4 eV 
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Fig. 10 Computed currents, total current density JT, and hot current density JH, for 
7 nm case, lower trace; and for 10-5-7 nm, the upper trace, for Si. The two 
arrows indicate the positions we have calculated the temperature for cooling. 

For better visualization, part of the computed results is shown in Fig. 11 with linear scale for the 
total current densities. The oscillations are much better shovvTi in a linear plot. It is possible to 
utilize the oscillation for modulation of field emission, for example, turning on and off of a 
TWT. In fact, these oscillations may be also used to digitize the output of a TWT. It may also be 
designed with a two-step scheme, one at much lower field for digitization, and amplified by 
another high power TWT. 

A discussion on the placement of the anode is in order. Since barrier-width is reduced by 
creating a triangular barrier with an applied voltage, as long as the effective barrier width at 
energy for turmeling is same, it does not matter how far away the anode should be placed. 
Farther placement of the anode results in more kinetic energy gain after tunneling. Since we 
assumed that this extra gain in the kinetic energy may be recovered by the Pierce-electrode, we 
simply place the electrode sufficiently close to reduce computational complexity. In 
measurements however, it is difficult to design the anode extractor only 7 nm from the front 
surface. 

The barrier height used in our calculation is 0.5eV for silicon may be achieved by 
epitaxially grown (BaxSri.x )2 O3,'' as well as recent success in a superlattice structure involving 
monolayers of oxygen, the Si/0 superlattice barrier.'* Therefore, the calculation using silicon as 
an example is not just to prove the principle, rather, the structure may be realized. Actually, the 
Ill-nitride system seems even more promising because GaN, particularly GaAlN is robust and 
possibly having low work function. To summarize, at a tolerably high electric field, the use of 

12 
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resonant tunneling can indeed produce a huge gain infield emission over the case without 
resonant tunneling even without surface treatment to lower the work function! 

5x10 1 

4x10 

1x10 

m*=0.26m., n=10''cm'' 
V,=0.5eV, electron affinity=4 eV 

10%7nm 
-j^ 10-5-7 nm 

..rU:\/.. 

1x10 2x10' 3x10' 4x10 5x10' 

Ev (V/cm) 

Fig. 12   Oscillations in the resonant tunneling current at high field for two cases. 

For practical considerations, we focus our search for the design of getting a relatively 
high current peak at a field in the low lO'' V/cm regimes. According to Heinz Busta, formerly of 
Sarnoff, and Professor Binh of France, a field of 2x10^ V/cm may be a practical limit. Our 
calculations do show that proper choice of design parameter allows us to keep the electric 
field at the surface to this limit. 

Calculation of Cooling 

For the calculation of the temperature drop fi-om the INE scheme, we start with 

where the right side represents the sum of dissipation - output via emission, explicitly. 

SQ = ( I^R) loss   -     ( JH V )emis (8) 
dQ At steady state and in one dimension, ^^ = 0. We assume, for a first order approximation, 
dt 

13 
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dT    ^     .    ,.      .    dJc —- « 0 ,    leading to —- » 0, or SQ = 0.  Without these assumptions, we need to solve the 
dx       ' dx 

differential equations. In terms of the loss per electron per unit area for the first term in Eq. (2), 
and the emission term per electron per unit area for the second term in Eq. (2), there results 

Vp ^ /NcexpKEp -Ec)/kBT} =JHV/n, (9) 

in which JT and JH are the total current, (integration form E = 0 to oo); and the hot electron 
current, (integration from E = EF to «), respectively; V is the applied voltage, (anode voltage 
applied in the vacuum near the surface), p is the resistivity of the semiconductor, i. is the 
thickness of the semiconductor, n is the electron density of the semiconductor (The barrier and 
quantum well are undoped.), and Nc is the effective density of states. Then 

kBT = (E-EF )/^n{(JHV/JT'pO(Nc/n)}. (10) 

To account for the Wiedemann-Franz law relating the thermal and electrical conductivities, i.e. 
K/ a = (71 ke ) ^ T / 3e, the term JH V should be reduced to 

JQ  =  JHV-0.1kBT(JT/e), 

where JQ , is the power flow of hot electrons into the vacuum taking into account the 
Wiedemann-Franz law. Including a thermal load, Eq. (10) becomes 

kgX = (Ec-EF )/^n{(JHV/(JT^p ^ +Thermalload)(Nc/n)}. (11) 

At the DARPA HERETIC Principal Investigators' Meeting, Atlanta, GA, on May 23-25, 2001, 
we have presented the temperature cooling for three materials, Si, GaAs and GaN, in a 
presentation: '^ "Inverse Nottingham Effect Cooling of Semiconductors With Resonant 
Tunneling". At that time, we have used a good estimate of the effect of resonance on JH, from 
known results of resonant tunneling for contact-to-contact, rather than direct calculation 
involving putting an anode in the vacuum. Table 1 presented at the HERETIC Meeting is listed 
below for comparison. 

p-type with Inversion : NA' = 10^^ cm"^ ,   CM (Brown) = 0.013 , CM ( Chang-Esaki- 
Tsu) = lO"; A-' (Si) = 0.29, A'( GaAs and GaN) = 0.44 

ns(cm-^) Jo(W/cm^) Jo(C) Ng/ns T (K) 
Si 1.8 X 10'^ 360 324 22^6 296_ 
G;A;~4.6X10'^ 1280                          1042                        1.02                  150 
GaN      3.8x10^' 1030 962 6,8_ 187_ 
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n-type : Same values for A'' and CM as for p-type with inversion 

ns(cm') 
Si 1.01 X 10 18 

GaAs    2.02 x 10 
GaN    0.99 x 10 

w 
17 

Jo (W/cm^) 
325 
880 

1900 

Jo(C) Nc/ns 
303 40.3 

843 2.33 

1723 2.6 

T(K) 
299 
138 
107 

Table 1. Computed Cooling power JQ for p-type with inversion, and n-type: for Si, 

GaAs and GaN using an estimation scheme from resonant tunneling from 
18 contact-to-contact taken from. 

The parameters in the above chart such A"' and CM is defined in^Ref. 2. We compare several 
cases shown in Table 2 with direct computation. The notations, 1'' *, and 2"^*, refer to the points 
of operation marked by arrows in Fig. 10. For F-N field emission with a single barrier formed by 
the vacuum level vmder an applied field at the same operating points. Top chart is for the case 
without the thermal load. The bottom chart refers to thermal load of 300 W/cm^ Without thermal 
load, there is always cooling, even for the F-N case. What it means is that, without thermal load, 
as long as one takes out the hot electrons, cooling should result, regardless of how low is the 
current level! This is because we have not included any losses in the calculations. In these charts, 
NA refers to situation that our theory does not apply or no cooling is possible. The situation is 
very different when thermal loss is included. With the inclusion of 300 W/cm^ of thermal load, 
F-N emission cannot cool because the remover of power via field emission is less than the 
thermal load. What is interesting is the fact that there is an optimum cooling. Going from the 1'' 
to 2"^, while PH is much increased, but cooling is reduced because the loss due to current flowing 
through the substrate is even higher. We shall also compare the results for PH obtained previously 
with the present direct calculation: Previously, PH = 325 W/cm^ while the direct calculation gives 
2442 W/cm^. What is most encouraging is the fact that a cooling of 103 K is still possible 
with 300 W/cm^ of thermal load, employing resonant tunneling operating at an electric 
field ~ 1.5x10' V/cm, which is manageable in practice. 

Without Thermal Load 

PL 
(W/cm^) 

PH 
(W/cm^) 

T 
(K) 

AT 
(K) 

Resonance 
* 

40 2442 143 157 

'jnd 

* 
22563 67450 233 67 

Without 
Resonance 

1^' 
* 

6.29x10' 
24 

6.62x10" 
11 

33 267 

* 
9.80x10" 

19 
8.38x10" 

s 
39 261 
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With 300 W/cm^ of Thermal Load 

PL 
(W/c 

PH 
(W/cm^) 

T 
(K) 

AT 
(K) 

Resonance jSt * 340 2442 197 103 
2"^ * 22863 67450 233 67 

Without 
Resonance 

ist* 300 6.62x10- NA NA 

2""* 300 8.38x10- 
8 

NA NA 

Table 2. Results of direct computation for tunneling into the vacuum 

The term PL refers to the contribution of loss from h^ p £ , which is quite negligible compared to 
the thermal load used at the operating point l", however, the loss is huge at the 2"'' operating 
point. The term PH refers to the rate of energy removed via field emission of the hot electrons 
above the Fermi level. 

Discussion 

Our calculated results show that INE can be realized. What is exciting is the fact that 
resonant tunneling into the vacuum gives -10^"^ times higher emission current over the case 
without resonance at an electric field quite manageable. Even if INE cooling scheme is 
ultimately proved to be impractical due to the difficulty with the Pierce-electrode, the huge gain 
in the emission current should have a strong impact in cold cathode vacuum electronic devices. 
Since the DBRT structure is planar, it should be much more robust than geometrical structuring. 

As pointed out before, the low field emission reported by Binh and Adessi, ^° require 
further discussion. First of all, inserting Ti02 between the metal and the vacuum, structurally 
their scheme is similar to the K-L scheme shown in Fig. 2. The calculation in the K-L scheme is 
based on resonant tunneling, which takes into account the quantized sub-bands in the well 
created by the applied high electric field. However, if losses and dampings are high, quantized 
sub-bands cannot exist so that the two models are structurally identical. The question remains 
why Binh and Adessi measured low emission current at such low electric field. Heinz Busta 
thought that the low current field emission comes from defects inadvertently introduced. It is 
likely that the high dielectric Ti02 results in "smoothing" the localized defects rendering the 
appearance of more uniform emission. We have calculated the K-L scheme from Eq. 6 using the 
same parameters as in Ref 3. The total current density is compared with our model as well as the 
F-N case without resonant tunneling in Fig. 13. Note that the high emission occurs at a field of 
over 3x10^ V/cm. As we have pointed out before that usually the mobility of a step using 
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alloying is much reduced so that losses should be included. Nevertheless, it is impressive that 
such a simple structure with a step is capable of producing a current less than a factor of ten 
below the DBRT case! 

10 

10' 

10' 

"E   10' 

~   10' 

10' 

10' 

10' 

2. 

j^7 nm 
j^ 10-5-7 nm 
j^ 2.5-7 nmK-L 

3.0x10' 

Ev (V/cm) 

Fig. 13   Comparison of the total tunneling current density between the K-L scheme, our 
DBRT case, with the F-N case without resonant tunneling. 

The large gain in the tunneling current compared to the case without shovm in dotted is again 
due to the lowering of the effective work-function. The additional gain between 2.75 - 3.3 x 10 
V/cm is due to resonance gain. We have computed several cases for GaN - AlGaN-GaN system, 
seems to be the best possible choice for high current emission discussed previously. Figure 14 
gives the calculated total current density vs. electric field in the vacuum for GaN-Alo.5Gao.5N- 
GaN with b/w/B cases as shown. A single vacuum barrier of 2nm is also shown for comparison. 
The effective mass for the barrier and quantum well are taken to be 0.22 mo and the barrier 
height is taken to be 0.8 eV. The internal build-in field, ~ 2-3.6 x 10^ V/cm, has not been 
included. The calculated current density near a field of 1.5 X lO' V/cm is 10'^ A/cm^. 
Considering the robustness of the Ill-nitride system, this is the best choice thus far. In fact we 
predict that the ideal emitter may be achieved by adding a second barrier of few monolayers of 
AIN at the surface of GaN both as a protection against oxidation as well as for fiirther lowering 
the effective work function. Such a system cooperating at a reduced temperature (The field 
emitter will be self-cooled by the INE cooling process.) will be an ideal cold cathode for 
TWT and other applications requiring high current protected from oxidation of the 
emitter. 
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10'" 
10" 
10' 
10' 
10- 
10' 
10' 
10' 
10' 
loM 
10°- 
10'- 
10"- 
10"- 
10' 
10 
10 
10 
10 
10 

E 

2-2-2 nm 
2-4-2 nm 
4-4-2 nm 
2nm 

1x10 2x10 3x10 

Ev (V/cm) 

Fig. 14 Calculated total Current Density vs. Electric Field in the vacuum for GaN- 
Alo.sGao.sN-GaN with b/w/B cases as shovm. A single vacuum barrier of 2nm is 
also shown for comparison. The effective masses for the barrier and quantum well 
are taken to be 0.22 and the barrier height is taken to be 0.8 eV. The internal 
build-in field, ~ 2-3.6 x 10^ V/cm, has not been included. 

Conclusion 

Let us discuss what is universally known in the field emission community. Most researchers 
agree that for a field > 2x10^ V/cm, the usual Fowler-Nordheim emission would result in 
substantial emission current. At a significantly lower field, work-fiinction lowering such as Ce 
on Si so that usuful emission can take place much below 1x10' V/cm, for avoiding surface 
degradation. Our samples measured by Heinz Busta at Sarnoff, as well as the samples from KL 
method designed by Kostantin K. Likharev and fabricated by Wiley P. Kirk (Texas A & M 
University) using ZnS on Si and measured by Vu Thien Binh (Laboratoire d'Eniission 
Electronique, Departement de Physique des Materiaux, UMR-CNRS, Universite Claude Bernard 
Lyon 1) showed structure in emission current at field of-1x10^ V/cm or lower, which may be 
caused by some inadvertently introduced surface contaminants. What we know now is the fact 
that the main factor in obtaining significant emission current at relatively low applied electric 
field still needs low work-function at the surface. Since work ftmction lowering has been an 
intensive research for more than 30 years, we want to see whether it is possible to design field 
emission via resonant tunneling without work function lowering, capable of producing 
substantial emission at an electric field below 1x10^ V/cm. We are reassured that calculations 
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show that it is indeed possible! Resonant tunneling not only can improve transmission by a 
mechanism similar to photon resonance cavity, the appearance of higher energy sates due to 
quantum confinement effectively lowers the work flmction at the semiconductor vacuum 
interface. Even if INE cooling would be too difficult practically, the huge increase in the 
tunneling current into the vacuum would open the door for vacuum electronics with efficient 
cold cathode. Recently, we have fabricated two samples, one with Si and a second one with GaN 
for measurements in V.T. Binh's laboratory in France. Preliminary results indicated that the huge 
enhancement in the resonant tunneling current into the vacuum is close to predicted value. 
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Unexpected Dividend 

The success of the cooling scheme depends on how successful to pull electrons from the semiconductor to 
the vacuum. What is most satisfying was a phone call I received from Professor Binh that something is 
wrong with the sample and calculation, that the measured exceeded the calculated by a large factor! I 
immediately realized that the work function at the surface has been further lowered by the space charge 
occupying the quantum states. However, there is no way to get the field low enough to match the 
measured unless we assume that the electron occupying the ground state of the quantum well has actually 
moved below the Fermi level at the contact so that the sub-bend is fully occupied, resulting in a large 
space charge as shown in the figure below. We solved the system self-consistently and found that the 
effective work function is further lowered by almost leV! 

JRTI ■*■ •'sz 

Figure: Illustration of the different field emission mechanisms by a schematic band edge diagrams of the 
nanostructured SSE planar cathode with an applied field F and at room temperamre. (a) only resonant tunneling 
mechanism; (b) to (d) evolution with space charge formation inside the GaN layer with, as consequence, an effective 
lowering of the surface barrier. In addition to the resonant tunneling and due to the occupation of the quantum state 
El, electrons occupying this state (for example, whenever the level Ej moves below 0) can tunnel out of this single 
barrier via the usual F-N tunneling, resulting in Jsc (Fig. 3c), and the total cuirent JFN = (JRT + Jsc)- (Notes: (i) to be 
able to present these band diagrams within this figure, the field representation is not at the same scale inside the 
cathode and outside in vacuum in particular if one considers GaN having e = 8EO with an applied field in the range 
of 50 V/(xm; (ii) further reduction from the induced image charges due to the space charge in the quantum well is 
not shown in this sketch). 

This happy ending was not anticipated. In retrospect, one may ask why no one predicted that. 
What is surprising is the fact that I started the resonant tunneling work more than 30 years ago, and I 
failed to predict this result. In summary, now we know that the best way to bring down the work function 
is to use a quantum well structure on the surface of a semiconductor to create quantum states boxed in by 
the vacuum level and a barrier. At some appropriate field, the space charge is shifted up due to the 
presence of the quantuin states which are brought near the vacuum level. Obviously due to quantum 
confinement, there is a slowing down of the process due to resonant effects. However, a typical RTD is 
capable of operating near THz, even with a resonant system having a Q = 100, we are still talking about 
10 GHz time-response. As a cold cathode, it should be fast enough to modulate emission at lOGHz! 

Now I would like to attache the reprint of the recent publication in Appl. Phys. Lett. 
84,1937(2004) 
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(inafyticaf apfsraacbii^, 

W« bsTC <Ji>tw mcflisiiirenxrnti; for diSiseni JraaitKsns 
(icrnss flic caihocle iia.,1 for dSlijrem torapcBtt^i!.?- TIK erai?- 
Bisri cTiiiriieieriKiics isrssisnic^ in the fiiltovias mire ctitrira<sB 
U> fli! Jtiess nwiS5J«5ni.iilK and ma tan K' cimxidcrctl ss 
Rpccilfc to fljK lianostracluccd SSH, 

(1) f'qra grven li:m|>araturc, tfcc (J„^~f} -evoluSicn pre- 
sent Jtic follmv-ing fcree m-iin chinactcrartios; {ft 'J'h? 
t]OT?3vi5l<l fiekl fof Jiaa-' SO"* A'cm* was m tSie range gf 5 
KlO*-lXllf V/cm »t r«<au leraricrauifc. "nUis wiltic Is 
ab«?5H fOCi <« 50 times k>ss i&sa lisc conveationii! BcW needed 
fw fiekl cmfcssKHi &i»n «im;tii!lic sirftce s-ifii a wotic IIMK- 

HvM f>r abnut ^ cV. Cu) Ti"^ InCJatJ^-^) « U^-?'! Pto'-" of 
tlKi date w«c stroJglii ]inc% i.e, rtw Jncwiw nf I3w ficlif 
<Hni$KiCi! (!'G) ciuTcnl can he dcfsrihcd ot5 UK lasis of dec- 
tron limwSmp, ihroufh fl banto ifefornw^ by WfiJs eaenial 
islcctric- fifSd Jcnown m the Vrnkt-tidr^imm (FH> fefi^t}'." 
'Itf <featic<>(J eKpi-Tlmait^ wjhws of fliu wnDelang tarr'nar 
height *j:j,- ware in llie range of fJ.25-<iS cV for the difleriaJl 

loiartsf/iis, There !^as no jS^paKtonci? af 4<pN wilt) temjMRh 
niro, {iili Wc 9lv!«ji jKSetJ B i(«n' fenJiaS nnd shjtqi inwisso 
Kirftt eniiited «)r«!«« ta the &!# Qeld rcifien and for iji^ 
7f 5X W"^ Akm'., TlBssliaiTi jncKss; end«i, in nicisi cases, 
with tlK A-'simciJon of Use SBTfee caSUudt dt)L» H) an stc 
feimaiHici heswcBi ilic (sidiode and ito anflde. 

{2) EniisjioB ciirrciite were very imj^Jalslu flS ibe |«;j;iis. 
ning 0l' (bf «BUiKinn process, 'llicfn; inslahiliJses !ilv4'«5l! 
53o«%'Vjini!ihwKiftcracondtti<!iw'n£peiriw1<tfm<?re Own 1^ 
h of wmiimwus cnsissian of Jhft cathode m Isgls isurrtijjte. 
After tiK hMbW!. ef lbs itssiabiliiies, iSw emiKSiw ewneniK 
Iceamc very stable., W<! imv. observed Slitsc uijAflbiiii^s for 
an entho*.* tcmiraraiures w M SSO K.. Si «i2ms UKB tim ttey 
AKW JKirJnstc t« Jhit ermVsifin mGCfeffliisffi am! were not iJw 
rejult Df * sar&ce jih^atjrfion-dBSiKplifln prciccss tbfl! wiK 
modify Btq lanj^sirai 

•(J) Fnr fl given emission area, Hid eirassifjn ciirrefitx in- 
crease! wist Jcmpcriiliirc: fern ^S> 1<> SX! K., M Ibis Miav- 
ior camimt be Bxpiniiied fey flw \''H ttiLxsjy, wc have SISK! llic 
UJcb»a1siin--I>ii*m,in (n'pros-ch* to i1«ierjitinc tlsc efisctive 
ibcnBsS actrvaiioJi ^acrjs' rclsicd lo these Aitn. The ^^dticcd 
valiMB ftcBi she «xp«inrenifl! diisa w«fO bi tliK ratigs; offi.S 
0.9 eV i)n<! iJicy \v»rc ngi fwJd dqwndau. 

1.01 m poinl niil Ibc two^titeracwri.«tik!s pf Jhe fe'W t»rofe. 
sion Fram 1,1« nr!;nr<sif))cvia:cif .SSE -MflsoiJi.' suftaa;: fi> Tlffi 
vahHS nf tic t3CBieli.nj5 biitirier JidgSit *];« wcw in ^hu ijiisge 
of 0.25-0.5 eV, fcis -vflhii-* ba.«.: to be cnrajxreij widi l3ie 1^ 
eV value ol'dcctran arairity of fjaN. (ii) This valiM Is iffisih 
pnalfcr Han UK Sbi^nMil flclhtatifln. eniaS' 0 ((LS-i!).?' eV) 
fj^laincd froai OK tempcrjitiire rfRpraifciKe Bmis.«3on. 'niis 
means tiiat the tsimatmj; biin-ii:-r at tte sisrface is not tttc 

, Jhcnniravic Iwrricr. Nitic Ibat 0 is. vcrj' Bear the JiciBbt {sl'tbc 
Swrricr between tfec Wfii 1av«r ,iJ«{ Alj;, tOasjN Siijfer (Fig, 

lb accaunl for this sjiewfic dectrw .eniissitwi (mm 1k<i 
a?.nostii3i:tored SSE Wi' projiosu !hc f^Hawsng nnwlcl, si;bc- 
iHaticaSly (fcsciil^ad in Kg. $. in this model Sie ^kclrou 
emissian is oblaitwd thr«ujjh a sciiiR! hvxs-'rlep !mc-.;bMsm 
imdcr appHal floJd, idmtter K> the M5? in Rel', -S. In fl fiBi 
SJu*!?, citctions we injeetwt m tbc CiaNna>«f torn UiD«(t!itKte 
S8ibs8rate by sunncling llaroiigh (be 2 wit Ale.<G»3j*« fever. 
Bicy witi yszeupj' the sifl>^nds ttat »tf wuder UK I'snml 
lev'^!, creiitini; a cnnceisijatinn of efcciriDrK iinisSde tic (jaN 
laj^er. D!uc to ftis elKtrwi cj>]tocawaiIi?n <s jpsco cfciijie for- 
mation, there Is an upwsid aniasy sbift, which is; scSwrrati- 
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caily raprcsenled is Pig, 3 with Ihe evohflion faiira ^) ti> (if); 
ksiJistg ?a a ndfttive towering «>f ihc snoinini kveJ oomparpd 
10 (htf FenTii level of fiie sufisitrau:- 

in tbb; lutMfct, Use iwo ooMflmiiani raedanSsms f<» the 
decmjn fiU5iRskiii aie ^escrtlH'tl fccTEafiL-r in (A) aiid (B); 

(A) Ihc firsS mcchanisitti is 11K: tfinnclJDg field e3T3Ssi<m 
fljrotijh a !iniv<!rJi!£ w<5rk fitnctiiw, i.e., flje eJKtrans are 
craiiK-cj by a field esnisision mechanism from (tie. ^ianiizi;4 
swMwnds inslcii? Ilw tiaN qn«-<limi •»«}!, 

KgviK {(a)sfiovvs two qtanium well (QW) siaias /Tj Kiii 
£, al a bias Viilsagc f'^tl, lii (lie canvcntiiinsl resonanf 6m» 
iielinE spprnadi,''''''"' with ii)e appliciiiniti af a hijts »! P" 
'=' I'j, OK sum Bi is «RgJtci3 m& the e&ctTons in tba ciinwci 
ji! «ieray (ii<£'<K^,. iB«<i!ujvi' Sn « rcsSi'siam tunneling, eur- 
Hmt, -'itn [Kj;,- 3W]- TlicTi' fe «ln3! « KIIMH loweriijfi «>t"thc 
elTccliTC wgtk fiinctiinn. Hcni.-over, Ibis kwqring hy itseJf is 
not cnmifih lo ulSciw cledron emLwtan \ry iwavSias, wilJi 
fetils in thi; m-i^e «r lO'-lO* Vicm,"-' and alsii it cannrsl 
sctosin! for tiic wiy Kw vsliies of <bBii, tlK? nic!i5«irecl tim- 
tiifling barrier offlsie nanaflnK-'tored SSE. 

in ovirtwn-step tHuiiclltiijj raaiJel, a larga Jowerijsg #thc 
woti: fiuKtinn (Sue Ici space tiaigt in the QW is cruciai, The 
c<j3!C(;pl i? wten lh]« two^JiaicnsifHial QH'HUm <jtsatitiim 
State is oEciipiet! it legjlis iii a spnce diirjeB in ilie QW, 
ieadtJij; to ^dditi'nai] lowering of Ilw cffretivc worfc fttBctiiKi 
define!! b}' iht encrs' of tiic sisjirce nf electmn va £he \^iemnJi 
fevel A pfcesRe tpiaimtiiijvt- aiiiirroKii recitifftts the iigc nfftit 
Airjf fimciioji wtiiM) a vi>lii»jK is aprJieJf w 8ua arixatsre, wiiSi 
self^onstslenl isalndaMans,'*'" Ho\vi;v«f, lo ssttnwlc <tic law'- 
erini; of tlM work fundiou here we itsed « ^pfer approad]., 
un'fllving, ftr?i liiujing, ihe poteniiii! 4Be Ifl te spiioe cfcirgB 
irisiio tfie 21) qnantwin wiH. fWr.^ this taScufeHMl lovvering 
of she u'OTk ftincrton, (Jw Tisaia! fieW emission s£Xf»es«w 

• derived faim «fie FiSf ftuorj' is tiien filled to the eKisctitnen- 
UiSfj' nsejtsiireti field emiwicBi. 

In the QW of tt'iiRh «; assimiiAi?, a perfijet coafiivaTieiil, 
tlj? ebiirue ifeEisily in ihe Imvesl level £'| ij; n'^e{m''i'-sr^~) 
X(/Jj —E\ )(2.i'w)5in^R*'i*|J, where m" is ilie eMictive BS^SS 

iif the clce-ir<w wstlh dtsi^e d. SohiiiE she Poisssm's e^iiiW 
we anivc at tlK pjiiattiaT energy ef the spsfflsefeirge Fsf» &«f 

fsc''iP(/''«^}{(»''''/si!x''<a-.t/!ii')+Ha-3% a) 
whereff,;,3=<;'(M*yB',''r3i;£'j—i!;i>(2i'K'> iuid e isi5w(lielccsrie 
CiiinsstBii, 

The jnaxhmun vaiiJc ©f f^ is, at j^vi'i^ f'scCw'^] 
'»'(t).25ft,i'<r)»i-*x{s-''^H-«.25), and the av-crage <kl" fjc 
!=KKi4siv|'ap,f;2>; jy i»'f2l, Taking the mernj^e orjiw! dif- 
ference [l''(n'}-^'((H]» ^^ IC'ial towering of the wori;- 
fsmciion d<l>=P"j^-tl\.t| i$ 

The cfiecth-e (sarrier <f't[jis the aclttsl terrier at tte iftiiv 
S'A'c after Use loivertngaDd can he rfelerniiiK'd experimenlally 
fitjcp. llKt iJ^^^F) p!f5ts, i^_, 4'pj;, 

J'^ an C'rtiniaiiciu of ^<I" we have taieis jff"»*a,22fft5. 

-OajScV, sndEi-ti.lScV, Thissivw a#='l.fl5eV, i.e„ , 
*tr"0.^5eV for f'^-l^SeV. Tliis calctilaiod vate 0;*5 
eV for the efKscu'vc siirliicc terier i* vciy ftcrtr ftc «xpBri» 
menial wshses ■*(},■ mcastire<! from iX\t (.W.KJ pteis, 'ft'hlch 
wre in the laaige ol' 0JJ5-fl.5S eV, 

Tfecrefore, we coiKhaSe tlsjit after the opMipatiou of Uic 
qiBntnra leve! far IIK dcetrnn in the sate B\ fyiuj below 
<£■=?, the tMDnehng eiOTeril /rH'='./ic+^a- is^ riven hy the 
I^ timnelitig throtigh a sinjjle tv5rrl«rcnjate4 fa' tfe vfleviira, 
ttith an efiectiu* harrier of oni>' a fifvv letnte an eketron v\*!t 
[Rg. 3|i1)}. This lowered bairier at tJie sitrlace controJs the 
\i»riat5an of the cntistcd wrrent /.^. m\h field, 

{BS TIM peoftiKf neehnffl'sai Mcijirs for elcv^iterf Jcmpeni.' 
Jtjres, iA^ S:sT>M eV', what 'tm eieetrofis «n jtmip OVCT 

ihe ftrsj harrier Ifjcaled tewcen Stie condHcSrvc sohstiate snd 
(he AlojCiaruK utefilhin lajiar, As (tic see^^nd bam'er at Utc 
Stirfiitx !!i \nv;vT f.iess tlsan 0.5 cV due tis sjsice eharjie) Jhc<K 
eleelrmK wii! ernit directly, givra /^j. TfaJi; first harrier eoiv 
irslx tlse ^riatifa of flte emitted t-Jiirjerii J^^ with temipeni' 
Jurc. 

Ifl this dtKil-fcanriff motfeJ, the !nea.>!ta-ct1 i^sm! eniissinn 
currejil, ./„^, win he tlte sum of Mh eoiitrftiotitm!;, I^^ 
•'/•Rj-t-./jff ^'<i*e Uiat we teve ma»fe iiniBericai i!imti?aJiions 
in sxifcr to conlnm that in <)«ir ea«; h}* liSJng, ./^SK *~e can 
caicttlalc with BJMtl acctaaey aitlEr 'j'ns- or Q ^y tistiti!:. re^ 
actively, tise. plosi? In(.4ia:/F') vatstis \ifF\ and 
It'Miiii?':?"^) versiw; (iiTt. 

:tn cMdtssioB, we have shovm m iWs Itste thai a nafti> 
ariBtnred SSE j&itutr ctithtKle gjve* tlsK possibiHly to conuo! 
ihe cfieettve siirfaee JiSiTJer for elecfixKt cmissinn fct' morii- 
toring She sjiacc diat^je Vtshie -of aii tiStniJhin laj'«r jit the 
stirfiioe, Cfltnitared to « one-hvYW SSE*''' by 0!a«i; ■« 
BUtStiTaivr nsnns!ri»e!oa*sI SSE wt haw addett the gj-siisihiliiy 
&r a ftue eontro! of t]»e siwee charge vsltie witi ilie presenK 
Iff sirtteniJs in the C>\V, M<»iH>ycr, £!« presfioee iffthe fitxt 
J>arrier in^hioes a sepitrati<jn between t3i« Ihcintionic pwcejs 
from Bw ficM esiSssioE praeess wbkh n emIroUeil by l!ic 
seeond barrier jil Vaa sasrSsce. This Ja?l j»?sibHiSi' iwsst cii. 
fotec, fix exampJe, tlje ee<ii»-<Vl of the ec'Ciling pRicess by 
inverse Kfiiiittglfflffl process,''* 
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